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Abstract

Acute myeloid leukemia (AML) persistence is sustained by leukemic stem cells (LSCs) that
survive metabolic deprivation, oxidative stress, hypoxia, proteotoxic burden, and thera-
peutic pressure. The integrated stress response (ISR) has emerged as a central adaptive
network in this process. Through phosphorylation of a subunit of eukaryotic initiation
factor 2 (elF2) and selective translation of activating transcription factor 4 (ATF4), the
ISR coordinates stress-responsive transcriptional programs that may either preserve cel-
lular fitness or promote apoptotic commitment, depending on the intensity, duration,
and biological context of activation. In AML, ATF4 occupies a critical position at the
interface between stemness, metabolic adaptation, redox control, ferroptosis resistance,
and treatment response. In primitive leukemic compartments, ISR-ATF4 signaling ap-
pears to support stress tolerance, amino acid metabolism, serine biosynthesis, autophagy,
and leukemic persistence. At the same time, pharmacologic or sustained ISR activation
may lower the apoptotic threshold by inducing pro-apoptotic mediators such as CHOP,
PUMA, and NOXA, thereby modulating MCL-1 dependency and enhancing sensitivity to
venetoclax-based strategies. Conversely, adaptive ISR signaling may promote resistance
through mechanisms such as ATP-binding cassette subfamily B member 1 (ABCBL1) en-
hancer activation and mitochondrial stress tolerance. This duality creates a therapeutic
paradox: ISR-ATF4 signaling may need to be inhibited in adaptive, resistance-promoting
states but amplified in apoptosis-permissive contexts. This review discusses the biolog-
ical and therapeutic relevance of ISR-ATF4 dysregulation in AML and highlights the
need for biomarkers capable of distinguishing adaptive ATF4 dependency from inducible
apoptotic vulnerability.

Keywords: acute myeloid leukemia; integrated stress response; ISR; activating transcription
factor 4; ATF4

Genes 2026, 17,954

https:/ /doi.org/10.3390/ genes17080954


https://crossmark.crossref.org/dialog?doi=10.3390/genes17080954&domain=pdf&date_stamp=2026-08-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0009-0004-1922-8395
https://orcid.org/0000-0002-2509-6200
https://orcid.org/0000-0002-9185-724X
https://orcid.org/0000-0003-0833-0998
https://orcid.org/0009-0004-2015-635X
https://orcid.org/0000-0001-7176-9245
https://orcid.org/0000-0003-3277-6594
https://orcid.org/0000-0001-7926-6052
https://doi.org/10.3390/genes17080954

Genes 2026, 17,954

20f 16

1. Introduction

Acute myeloid leukemia (AML) is a hematologic malignancy characterized by marked
genetic, epigenetic, and clinical heterogeneity. Its defining feature is the clonal expansion of
immature myeloid progenitors with impaired differentiation, leading to their accumulation
in the bone marrow and peripheral blood [1]. Despite advances in molecularly targeted
therapies and refinement of chemotherapy-based regimens, AML management remains
limited by frequent relapse and the emergence of drug resistance [2,3]. A central reason for
disease persistence is that a fraction of leukemic cells can survive conditions that would
normally compromise cellular viability. Leukemic stem cells (LSCs), in particular, are highly
adapted to metabolic deprivation, oxidative stress, proteotoxic burden, hypoxia, and thera-
peutic pressure, thereby sustaining disease propagation and relapse [4—6]. Understanding
how these cells negotiate stress is therefore central to AML pathogenesis and treatment
resistance. Accordingly, recent research has moved beyond the analysis of individual driver
mutations toward the study of adaptive cellular states that allow LSCs to survive within an
intrinsically hostile bone marrow microenvironment [4].

In this context, the integrated stress response (ISR) has emerged as a key stress-
adaptive network. The ISR integrates diverse cellular insults through four kinases—protein
kinase R-like endoplasmic reticulum kinase (PERK), protein kinase R (PKR), heme-
regulated inhibitor kinase (HRI), and general control nonderepressible 2 (GCN2)—which
converge on phosphorylation of the o subunit of eukaryotic initiation factor 2 (eIF2c). Phos-
phorylated elF2x binds and inhibits eukaryotic initiation factor 2B (eIF2B), reducing the
regeneration of active el[F2-GTP and the availability of the eI[F2-GTP-Met-tRNAi ternary
complex required for translation initiation. As a result, translation of most cellular mRNAs
is attenuated. Activating transcription factor 4 (ATF4) mRNA represents an important
exception because its upstream open reading frames act as a stress-sensitive translational
switch, allowing increased ATF4 protein synthesis when ternary-complex availability is
reduced [7]. Through this translational reprogramming, cells transiently conserve energy,
restore proteostasis, and adapt to nutrient or oxidative stress. However, the ISR is not a
uniformly cytoprotective pathway. Its biological output is strongly context-dependent:
when stress is moderate or transient, ISR activation promotes adaptation and survival;
when stress is severe, prolonged, or pharmacologically amplified, the same signaling axis
may shift toward apoptotic commitment [4,7]. Although the ISR overlaps with the un-
folded protein response (UPR) through the PERK-elF20—ATF4 branch, the two programs
should not be considered synonymous. The UPR also includes inositol-requiring enzyme 1
alpha (IRElx)/X-box binding protein 1 (XBP1) and activating transcription factor 6 (ATF6)
signaling, whereas the ISR integrates broader stress inputs through multiple e[F2« kinases.
This distinction is relevant in AML because endoplasmic reticulum (ER) stress, mitochon-
drial stress, amino acid deprivation, inflammatory signaling, and proteotoxic burden may
activate partially overlapping but biologically non-identical stress-response programs [7,8].

This functional duality is particularly relevant in hematopoiesis and leukemia. Normal
hematopoietic stem cells (HSCs) rely on tightly regulated stress-response programs to pre-
serve quiescence, self-renewal, and long-term regenerative capacity. LSCs appear to co-opt
these programs, using ISR signaling to tolerate hostile microenvironmental conditions and
therapeutic stress [4]. Within this framework, ATF4 is not merely a downstream effector of
ISR activation but a context-dependent determinant of leukemic fitness. By coordinating
amino acid metabolism, redox homeostasis, proteostasis, and apoptotic priming, ATF4
occupies a strategic position at the interface between stress adaptation and cell fate [9].
Under adaptive conditions, ATF4 supports survival by restoring metabolic and proteo-
static equilibrium [4]. Conversely, when stress becomes unresolved or is therapeutically
intensified, ATF4 can contribute to cell death through induction of pro-apoptotic mediators
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such as C/EBP homologous protein (CHOP), p53 upregulated modulator of apoptosis
(PUMA), and NOXA9. In AML, this duality creates a therapeutic paradox. ISR-ATF4
signaling may promote drug resistance by enhancing cellular fitness under treatment-
induced stress, but under different conditions it may lower the apoptotic threshold and
increase treatment susceptibility [10,11]. The ISR-ATF4 axis may therefore function as a
double-edged biological program: a mechanism of leukemic persistence in one context and
a therapeutically exploitable vulnerability in another. This distinction is especially relevant
for venetoclax-based regimens, in which myeloid cell leukemia-1 (MCL-1) dependency,
NOXA induction, mitochondrial stress signaling, and apoptotic priming critically influence
therapeutic response [9,10].

On this basis, this review critically examines how the ISR-ATF4 axis regulates three
interconnected dimensions of AML biology: first, LSC maintenance and protection within
the bone marrow niche; second, metabolic reprogramming, with particular emphasis on
serine biosynthesis and ferroptosis control; and third, therapeutic resistance, including
evasion from apoptosis induced by B-cell lymphoma-2 (BCL-2) inhibition and conventional
chemotherapy. Defining when ATF4-mediated adaptation should be inhibited, and when
stress should instead be intensified to trigger apoptotic collapse, represents a central
challenge for translating ISR biology into therapeutic strategies for AML.

2. ATF4, Leukemic Stemness, and Hierarchical Stress Adaptation

ATF4 is the principal downstream effector of the ISR and one of its most informative
functional readouts. Following phosphorylation of elF2« (p-elF2c), global cap-dependent
translation is attenuated, whereas the translation of selected stress-responsive transcripts
is preserved or enhanced. Among these transcripts, ATF4 is the best characterized. This
translational switch enables stressed cells to rapidly remodel gene expression to restore
metabolic balance, maintain redox homeostasis, and adapt to proteotoxic or nutrient-related
stress [12]. ATF4 is a basic leucine zipper (bZIP) transcription factor whose expression is
controlled at multiple levels, including transcription, translation, and post-translational
stability. Under basal conditions, ATF4 protein levels remain low because its mRNA con-
tains two upstream open reading frames (uORFs) in the 5’ untranslated region. When the
elF2-GTP-Met-tRNAi ternary complex is abundant, ribosomes translate the permissive
uORF1 and rapidly reinitiate at the inhibitory uORF2, which overlaps the ATF4 coding se-
quence and prevents efficient ATF4 translation. Following elF2«x phosphorylation, reduced
ternary-complex availability delays ribosomal reinitiation after uORF1. Ribosomes there-
fore bypass uORF2 and instead initiate translation at the ATF4 coding sequence, increasing
ATF4 protein production despite the overall reduction in global protein synthesis [12,13].
Once induced, ATF4 forms heterodimers with distinct transcriptional partners, generating
context-dependent transcriptional outputs. Interaction with factors such as C/EBPf or
C/EBPy may support adaptive recovery programs [11], whereas cooperation with CHOP is
more commonly associated with pro-apoptotic signaling [13]. ATF4 should therefore not be
regarded as a unidimensional marker of cellular stress but as a context-dependent regulator
of cell fate downstream of ISR activation. This distinction is important when assessing
ISR activity experimentally. Although p-elF2« is the initiating event of the pathway;, it is
often transient and does not necessarily demonstrate that the downstream transcriptional
program is functionally engaged. By contrast, ATF4 induction indicates propagation of ISR
signaling to the transcriptional level [14]. Nevertheless, ATF4 should not be interpreted
in isolation: its biological meaning depends on the amplitude, duration, cellular context,
and composition of the downstream target-gene program [14]. For this reason, assessment
of ATF4 protein expression should ideally be integrated with transcriptional profiling of
canonical target genes and functional readouts of stress adaptation or apoptosis. In this
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sense, ATF4 represents a functional surrogate of ISR output rather than merely a secondary
downstream molecule.

Normal HSCs must preserve long-term self-renewal while adapting to fluctuating
metabolic and microenvironmental conditions. To achieve this balance, they rely on stress-
adaptive programs that allow them to withstand amino acid deprivation, oxidative stress,
hypoxia, DNA damage, and endoplasmic reticulum stress without losing functional in-
tegrity. Within this framework, ISR signaling appears to play an important role in maintain-
ing primitive hematopoietic compartments [4,14]. Components of the ISR are differentially
regulated across the hematopoietic hierarchy. Human HSCs and multipotent progenitors
display lower protein abundance of the «, 3, and y subunits of elF2 than downstream
progenitors. This finding does not imply reduced ISR activity; rather, lower elF2 availability
is associated with a translational state that favors selective ATF4 expression. Consistently,
ATF4 expression and ATF4 target-gene activity are enriched in stem and early progenitor
populations [4]. This pattern is reinforced by xenograft-based analyses showing higher
ATF4 expression in CD34"CD38~ HSC/MPP fractions than in more differentiated pro-
genitor populations, both in vitro and in vivo [4]. ATF4 levels decline progressively along
hematopoietic differentiation, suggesting that ISR activity is not uniformly distributed
across precursor compartments but is linked to cellular immaturity. Importantly, cells with
higher ATF4 expression display greater engraftment potential, indicating that ISR activity is
associated with functional stem cell properties and not only with generic cellular stress [4].

This biological framework is highly relevant to leukemia. LSCs share with normal
HSCs the ability to persist under adverse conditions and survive metabolic, oxidative, and
microenvironmental stress. In AML, ISR-related features appear to be enriched in more
primitive leukemic compartments. Expression of elF2 subunits and ATF4 target genes
differs between CD34*CD38~ and CD34"CD38* AML fractions, and ATF4 expression is
generally higher in CD34" than in CD34~ leukemic cells [4]. Beyond the CD34/CD38
immunophenotype, several additional molecules have been associated with stem-like prop-
erties in AML, although they should not be regarded as interchangeable or universal LSC
markers. CXCR4 is a functionally relevant chemokine receptor that promotes leukemic cell
survival, homing, and engraftment within the bone marrow microenvironment; experimen-
tal CXCR4 blockade reduced the homing and in vivo propagation of primary human AML
cells with leukemia-initiating activity [15]. Pluripotency-associated molecules have also
been investigated in AML. In one patient-based study, OCT4 and SOX2 were more highly
expressed in leukemic than in normal hematopoietic cells, whereas OCT4, SOX2, and SSEA3
were enriched in CD34*CD38~ compared with CD34*CD38" AML fractions [16]. However,
these associations were not supported by functional leukemia-propagation assays and do
not establish these molecules as universal LSC markers. More recently, FLT3 inhibition
was shown to induce OCT4 and NANOG, whereas SOX2 was not comparably increased in
FLT3-ITD AML models. Depletion of OCT4 or NANOG impaired leukemic cell growth and
enhanced sensitivity to gilteritinib [17]. These findings support a context-dependent contri-
bution of pluripotency-associated transcriptional programs to FLT3-ITD AML maintenance
and TKI resistance, rather than their use as pan-AML LSC markers.

However, these findings should be interpreted within the biological heterogeneity
of AML, since ATF4 dependency is unlikely to be uniform across all genetic, phenotypic,
and differentiation states. Functionally, LSCs may exploit ISR signaling as an adaptive
program that sustains survival under nutrient deprivation, hypoxia, and increased reactive
oxygen species. ATF4 upregulation in response to nutrient limitation, primarily through
GCN2, promotes the transcription of amino acid transporters and biosynthetic enzymes,
allowing leukemic cells to compensate for extracellular nutrient scarcity [18]. This metabolic
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plasticity may provide LSCs with a competitive advantage, supporting disease persistence
under environmental and pharmacological stress.

The role of ATF4 in leukemic stemness is further supported by emerging evidence that
epigenetic and post-transcriptional mechanisms can sustain its expression in selected AML
contexts. Recent studies have implicated RNA methylation, particularly m6A modification,
in this process. IGF2BP3, an m6A reader enriched in LSC-like populations, binds methy-
lated sites on ATF4 mRNA and stabilizes transcripts of ATF4 and serine biosynthesis genes,
thereby sustaining metabolic programs required for AML proliferation and stemness. Loss
of IGF2BP3 or disruption of the METTL14-dependent m6A machinery reduces ATF4 levels
and impairs leukemic cell survival in experimental models [19]. Preliminary preclinical
data also suggest that BCLAF1 may link RNA splicing to ATF4-dependent metabolic adap-
tation, although this evidence remains based on a non-peer-reviewed preprint and should
therefore be interpreted cautiously [20].

An additional layer of complexity is provided by the connection between ATF4 and
the mechanistic target of rapamycin complex 1 (mTORC1) pathway. In specific leukemic
models, ATF4 induces DEPTOR, an endogenous inhibitor of mTORC1, whose expression is
further stabilized by MSI2. This ATF4-DEPTOR-KIF11 axis, in which KIF11 is a kinesin
motor protein involved in mitotic spindle formation and cell-cycle progression, supports
metabolic adaptation under nutrient stress and is required for efficient leukemic propaga-
tion in vivo [21]. These interactions between ISR-ATF4 activity, primitive hematopoietic
compartments, leukemic stemness, and metabolic adaptation are summarized in Figure 1.

ISR-ATF4 signaling across normal hematopoietic and leukemic hierarchies
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Figure 1. ISR-ATF4 signaling across normal hematopoietic and leukemic hierarchies. Diverse cellular
stressors, including amino acid deprivation, oxidative stress, hypoxia, ER stress, and mitochondrial
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stress, converge on the ISR through PERK, GCN2, PKR, and HRI. This leads to e[F2x phosphorylation
and selective translation of ATF4. In normal hematopoiesis, ISR-ATF4 activity is relatively enriched
in primitive compartments and supports stress tolerance, quiescence, and long-term regenerative
capacity. In AML, leukemic stem cells and primitive leukemic compartments appear to exploit
the same program to sustain persistence, metabolic plasticity, redox buffering, and protection from
ferroptotic stress. Importantly, high ISR-ATF4 activity is not specific to malignant hematopoiesis and
cannot independently discriminate normal HSCs from LSCs. This distinction requires integration
with leukemia-associated genetic lesions, aberrant immunophenotypic or transcriptional features,
and functional evidence of leukemia-propagating capacity.

3. ATF4-Dependent Metabolic Reprogramming: From Serine
Biosynthesis to Ferroptosis Resistance

If, in primitive leukemic compartments, ATF4 contributes to stress tolerance and
stem-like persistence, in proliferating AML blasts it also functions as a metabolic
coordinator [4,22]. AML cell survival depends on the ability to generate macromolec-
ular precursors, sustain mitochondrial activity, and preserve redox equilibrium within a
competitive and nutrient-limited bone marrow microenvironment. The metabolic relevance
of ATF4 in AML can be organized around three interconnected outputs: amino acid biosyn-
thesis, redox buffering, and resistance to regulated cell death. One of the best-characterized
metabolic functions of ATF4 is the transcriptional regulation of the serine biosynthesis
pathway (SSP), including phosphoglycerate dehydrogenase (PHGDH), phosphoserine
aminotransferase 1 (PSAT1), and phosphoserine phosphatase (PSPH) [23]. In AML, serine
supports one-carbon metabolism and de novo nucleotide synthesis, including purine and
thymidylate synthesis. Recent studies indicate that the ATF4-SSP axis is hyperactivated
in selected AML contexts, creating a dependency on endogenous serine production [24].
Dietary restriction of serine and glycine, or pharmacologic inhibition of PHGDH, can
impair leukemic growth while relatively sparing normal hematopoietic cells in experi-
mental models [19,24]. These findings suggest that the serine pathway is not simply a
downstream metabolic consequence of leukemic growth but part of a regulated adaptive
program linking RNA metabolism, ATF4 expression, and biosynthetic fitness.

Among genetically defined AML subsets, FMS-like tyrosine kinase 3 internal tandem
duplication (FLT3-ITD) AML currently provides the most coherent evidence linking ATF4
to serine biosynthesis, autophagy, and stress-adaptive metabolic reprogramming. FLT3-ITD
is one of the most frequent recurrent lesions in AML and defines a clinically relevant disease
subset characterized by aggressive biology [1,25]. At the cellular level, oncogenic FLT3-ITD
signaling also drives pronounced metabolic reprogramming [24]. Oncogenic FLT3-ITD
signaling promotes serine synthesis and uptake through mTORC1-ATF4-dependent tran-
scriptional regulation of de novo serine biosynthesis and neutral amino acid transport
genes [24]. In this setting, ATF4 does not merely respond to exogenous stress but becomes
integrated into oncogenic signaling circuits that support anabolic metabolism. Pharma-
cologic or genetic interference with serine biosynthesis, particularly through PHGDH
inhibition, selectively impairs FLT3-ITD AML growth and sensitizes FLT3-ITD AML cells
to cytarabine in experimental models [24].

ATF4 also intersects with autophagy in FLT3-ITD AML. Autophagy is a conserved
lysosome-dependent catabolic process through which cells sequester and degrade damaged
proteins, organelles, and other cytoplasmic components. The resulting macromolecular
building blocks can then be recycled to preserve cellular homeostasis and sustain energy
and nutrient availability during metabolic or environmental stress. In cancer, autophagy
has a context-dependent role: although it may limit early tumorigenesis by preventing
the accumulation of damaged cellular components, established malignant cells can exploit
autophagic recycling to support proliferation, survival, and treatment resistance.
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In FLT3-ITD AML, oncogenic signaling increases basal autophagic flux, and ATF4 has
been identified as an essential mediator of this process [26]. Pharmacological or genetic
inhibition of autophagy, as well as ATF4 depletion, reduced FLT3-ITD AML cell prolifera-
tion, decreased leukemic burden, and prolonged survival in xenograft models. Autophagy
inhibition also overcame resistance associated with secondary FLT3 tyrosine kinase domain
mutations in experimental models [26]. Notably, FLT3-ITD-dependent maintenance of
ATF4 protein levels was reported to occur independently of elF2a phosphorylation in
this setting. Therefore, these findings establish an ATF4-autophagy dependency in FLT3-
mutated AML, although they do not necessarily implicate canonical ISR activation as its
upstream mechanism. Together, these observations illustrate how oncogenic FLT3 signal-
ing may exploit ATF4-dependent autophagy to sustain metabolic adaptation, leukemic
proliferation, and resistance to targeted therapy.

Beyond amino acid metabolism, ATF4 also contributes to redox control and ferrop-
tosis resistance. Ferroptosis is an iron-dependent form of regulated cell death caused by
the uncontrolled accumulation of lipid peroxides in cellular membranes [27]. One of the
principal cellular defense systems against ferroptosis is the SLC7A11-glutathione-GPX4
axis. SLC7A11, also known as xCT, mediates cystine uptake in exchange for intracellu-
lar glutamate. Imported cystine is converted into cysteine and used for the synthesis
of glutathione, which is required by glutathione peroxidase 4 (GPX4) to detoxify lipid
hydroperoxides and prevent ferroptotic membrane damage. ATF4 can transcriptionally
sustain SLC7A11 expression, thereby linking cellular stress signaling to antioxidant defense
and ferroptosis suppression.

In AML, this pathway has been investigated in LSC-like cell lines and primary
CD34+ AML cells. Combined HDAC3 inhibition and PPAR activation reduced ATF4-
dependent transcriptional activity at the SLC7A11 locus, decreased SLC7A11 and GPX4
expression, depleted intracellular glutathione, and increased lipid peroxidation and fer-
roptotic cell death [28]. Notably, these effects were observed in primitive AML cells while
relatively sparing normal CD34+ hematopoietic progenitors. These findings identify the
ATF4-SLC7Al1-glutathione-GPX4 pathway as a candidate redox-survival mechanism in LSC-
like compartments, although its therapeutic relevance remains based on preclinical evidence.

A further level of regulation is provided by post-transcriptional RNA modifications.
AlkB homolog 3 (ALKBH3) is an RNA demethylase that removes N1-methyladenosine
(m1A) modifications from RNA, potentially influencing mRNA stability and translation. In
KG-1 AML cells, ALKBH3 knockdown increased m1A modification of ATF4 mRNA and
reduced ATF4 expression. This was accompanied by decreased expression of the ferroptosis-
protective proteins SLC7A11, GPX4, and FTH1, together with increased intracellular ferrous
iron, reactive oxygen species, lipid peroxidation, and expression of ferroptosis-associated
markers such as acyl-CoA synthetase long-chain family member 4 (ACSL4), PTGS2, and
TFR1 [29]. In xenograft experiments, ATF4 overexpression partially reversed the growth-
inhibitory effects of ALKBH3 depletion, supporting a functional ALKBH3-m1A-ATF4 axis.

These findings suggest that ALKBH3 may preserve an ATF4-dependent anti-
ferroptotic program in AML. However, the available evidence is derived predominantly
from KG-1 cells, a xenograft model, and a limited number of clinical samples. Therefore,
the relevance of this mechanism across genetically and phenotypically diverse AML sub-
sets remains to be established. Moreover, this mechanism regulates ATF4 at the RNA
level and should not necessarily be interpreted as evidence of canonical elF2x-dependent
ISR activation. Similarly, m6A-dependent mechanisms involving IGF2BP3 stabilize ATF4,
PHGDH, and PSAT1 transcripts, sustaining serine production and supporting AML stem-
ness and metabolic resilience [19]. Although these findings require broader validation
across genetically diverse AML cohorts, they suggest that RNA modification pathways can
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tune ATF4-dependent metabolic adaptation and influence vulnerability to oxidative and
ferroptotic stress. Rather than acting as a single master switch, ATF4 should therefore be
viewed as one component of a broader stress-metabolic network that integrates oncogenic
signaling, RNA regulation, amino acid availability, and redox state.

4. The ISR-ATF4 Axis as a Mediator of Dynamic Drug Resistance

In AML, the ISR influences treatment response in a highly context-dependent manner.
Moderate or transient ISR activation may enhance leukemic fitness under therapeutic
pressure and contribute to drug resistance, whereas sustained or excessive signaling may
promote apoptotic commitment [10,11]. This functional duality is particularly relevant in
AML, where therapeutic efficacy often depends on the balance between adaptive stress toler-
ance and mitochondrial apoptotic priming. The introduction of venetoclax has transformed
AML treatment, but primary and acquired resistance remain major clinical challenges. A
common mechanism of resistance involves a shift in anti-apoptotic dependency from BCL-2
toward alternative proteins such as MCL-1 or BCL2A1. The ISR-ATF4 axis can modulate
this process in opposite directions depending on the nature and intensity of the stress
signal [10]. The context-dependent effects of ISR-ATF4 signaling on adaptive resistance
and apoptotic vulnerability are schematically illustrated in Figure 2.

The dual role of ISR-ATF4 signaling in therapeutic response in AML

Therapeutic and mlcroenwronmental stress

@O Q & "

E@ OO Vi d @ ©0 o° & =2

Daunorubicin Venetoclax 5-azacitidine Mi ial OXPHOS ER/PrnieDtDch
stress accumulahun inhibition stress

| Daunorubicin =

i ATF4-bound

| ABCB1 enhancer —»
% Dynamic drug

| resistance

Adaptive ISR / resistance

Amplified ISR /
apoptotic vulnerability

ISR activation

‘ m 1. Moderate / transient stms’

PERK / PKR / GCN2 / HRI

5-azacitidine> |
ATF4—
PMAIP1/NOXA - |
Enhanced |

| m 1. Sustained / amplified stress]

elF2a phosphorylation

‘ venetoclax
ATF4 response
2. ATF4-dependent _ 2. ATF4 pro-apoptotic

adeptiveprograms | | o TTRscomtese=ssas transcriptional output \
@ metapbolic Eu:ffrin { Central question: : CHZS: o E 0 " Geramide/ |
B g adaptive survivalor | - HOXA/PMAIP1 @@ SPHKC inhibition / |

+ mitochondrial stress tolerance e _a_p?[’t_o;'_c_c_o_l\lf‘f’ﬁ";?_ o + PUMA e ;C:I’hﬁ;m_')'fm
+ 4 PKR-ATF4- NOXA-»

MCL-1 re:

o o 3 Resistance-associated outputs 3. Mitochondrial apoptotic priming [~ -
+ ABCB1 enhancer activation 9 1+ MCL-1 neutralization / degradation 's -
* Drug efflux )]+ Lower apoptotic threshold : Usnic acid /
* Stress recovery + BAX/BAK activation r atovaquone/
i « Escape fromapoptasis = imipridones - i
i |2 ISR hyperactiaton- |
| ® Apoptotic priming |
4, Bmloglcalnutcome B2 00 4, Biological outcome " 4
C * Chemoresistance 0‘7 & * Venetoclax sensitization J
O * Leukemic persistence o} @ * Apoptosis i DELE1 hiP‘D‘MIEW
+ Therapy escape Lo + Treatment vulnerability H Impaired OMAT-DELE1-HR!
H ATF4 signaling -

)

Resistance to mitochondrial
stress-induced apoptosis |

Translational implication
ISR-ATF4 signaling may need to be inhibited in adaptive states, but amplified in apoptosis-permissive states.

Figure 2. The dual role of ISR-ATF4 signaling in therapeutic response in AML. Therapeutic and mi-
croenvironmental stressors converge on ISR activation and ATF4 induction. When stress is moderate
or transient, ATF4-dependent adaptive programs may support leukemic survival through metabolic
buffering, mitochondrial stress tolerance, and enhancer-mediated chemoresistance, including ABCB1
activation. By contrast, sustained or pharmacologically amplified ISR signaling may promote CHOP-,
NOXA-, and PUMA-associated apoptotic priming, neutralize MCL-1-dependent resistance, and
enhance sensitivity to venetoclax-based or other pro-apoptotic therapies. The key translational chal-
lenge is to identify when ISR signaling should be inhibited and when it should instead be amplified
to force leukemic collapse.
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Mitochondrial stress can activate a dedicated branch of the ISR through the
OMA1-DELE1-HRI pathway. OMA1, a protease located in the inner mitochondrial mem-
brane, cleaves the mitochondrial protein DELE1 in response to organelle dysfunction.
Cleaved DELE1 accumulates in the cytosol and activates HRI, leading to elF2o phospho-
rylation and ATF4 induction. In AML, this pathway has been particularly characterized
in cases with monosomy 5 or del(5q), because DELEI] is located within the commonly
deleted region of chromosome 5q. In these leukemias, DELE1 haploinsufficiency reduces
mitochondrial stress-induced ATF4 activation and protects AML cells from apoptosis. Thus,
in this genetically defined context, an intact OMA1-DELE1-HRI-ATF4 relay contributes
to mitochondrial stress-induced apoptotic vulnerability, whereas pathway attenuation
promotes resistance [30].

Other forms of mitochondrial or metabolic stress can similarly shift ISR output to-
ward apoptosis. Ceramide accumulation, achieved through inhibition of sphingosine
kinase 1 or acid ceramidase, activates a PKR—eIF20—ATF4 cascade that induces the BH3-
only protein NOXA. NOXA neutralizes MCL-1 and, in several experimental contexts,
promotes its degradation, thereby reducing a major mechanism of venetoclax resistance
and restoring apoptotic sensitivity [10,31,32]. A similar logic applies to hypomethylating
agent-venetoclax combinations. 5-azacitidine has been shown to activate ISR-associated
transcriptional programs and promote ATF4-dependent induction of PMAIP1 (NOXA),
thereby facilitating MCL-1 neutralization and enhancing venetoclax-induced apoptosis [10].

Another mechanism through which ISR signaling may favor treatment resistance
involves transcriptional upregulation of drug-efflux machinery. A well-characterized ex-
ample is ATP-binding cassette subfamily B member 1 (ABCB1), whose expression can
be induced downstream of ATF4 activation [11]. Exposure to daunorubicin activates
a stress-responsive enhancer at the ABCBI1 locus, with ATF4 binding driving transcrip-
tional activation. Importantly, this enhancer can remain in a primed state, enabling faster
reactivation upon subsequent drug exposure and contributing to dynamic chemoresis-
tance [11]. ATF4-dependent resistance is further reinforced by interactions with broader
stress-response networks. JUN, a key regulator of the UPR in AML, is activated downstream
of MEK/ERK signaling during endoplasmic reticulum stress and can enhance transcription
of UPR effectors, including ATF4. Inhibition of JUN or its downstream targets reduces the
ability of leukemic cells to cope with proteotoxic stress and promotes apoptosis [8].

This dual biology creates two complementary therapeutic strategies. First, the adaptive
arm of the ISR can be inhibited to prevent leukemic cells from exploiting ATF4-dependent
survival programs. ISRIB, an elF2B activator, counteracts the effects of elF2a phosphoryla-
tion and limits ATF4 induction. In preclinical models, ISRIB reduces stress-induced ABCB1
enhancer activation and sensitizes AML cells to daunorubicin [11]. Second, the apoptotic
arm of the ISR can be deliberately hyperactivated. Imipridones such as ONC201, ONC212,
and ONC213 induce atypical mitochondrial stress, leading to robust ATF4 activation and
induction of pro-apoptotic mediators such as CHOP, PUMA, and NOXA. Through NOXA-
mediated MCL-1 modulation, these agents can overcome venetoclax resistance and induce
apoptosis even in p53-deficient settings [33-35]. Other pharmacologic approaches follow
similar principles. Atovaquone suppresses oxidative phosphorylation while activating
ATF4-dependent stress signaling, thereby targeting AML cells reliant on mitochondrial
metabolism [36]. Usnic acid activates the HRI-elF2a—ATF4 axis, induces NOXA, promotes
MCL-1 downregulation, and sensitizes venetoclax-resistant AML cells [37].

The strength and translational maturity of the available evidence vary considerably
across AML contexts. The most consistent genotype-specific data currently concern FLT3-
ITD AML, in which ATF4 supports serine biosynthesis and autophagy-dependent leukemic
fitness [24,26]. A second genetically defined context is monosomy 5/del(5q) AML, where
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DELEL1 haploinsufficiency impairs the OMA1-DELE1-HRI-ATF4 relay and promotes resis-
tance to mitochondrial stress-induced apoptosis [30]. More recent studies have identified
additional genotype-associated ATF4 programs. In NUP98::DDX10 leukemia, NOL10 co-
operates with the fusion protein to stabilize ATF4 mRNA and sustain serine biosynthesis,
whereas CEBPA p30-mutant cells display altered AP-1 and ATF4 responses to inflammatory
and endoplasmic reticulum stress [38,39]. These latter findings broaden the spectrum of
genetically defined AML contexts associated with ATF4 dysregulation, although they do
not yet establish uniform activation of the canonical ISR.

Despite compelling mechanistic evidence, the translational maturity of ISR-directed
strategies remains heterogeneous. Most approaches discussed above—including serine
biosynthesis inhibition, autophagy targeting, ceramide modulation, imipridones, ato-
vaquone, and usnic acid—remain supported predominantly by cellular, xenograft, or
patient-derived preclinical models. One notable example of clinical translation is the GSPT1
degrader CC-90009, whose activity involves activation of the GCN1-GCN2-ATF4 path-
way and which entered early-phase clinical evaluation in AML in studies registered as
NCT02848001 and NCT04336982 [18]. However, no ISR- or ATF4-based biomarker has yet
been prospectively validated for treatment selection. The central translational challenge
is therefore to determine when ISR inhibition is preferable to ISR hyperactivation. AML
with high IGF2BP3 expression or FLT3-ITD may be particularly dependent on ATF4-driven
metabolic adaptation [19,24]. Conversely, AML with monosomy 5 or del(5q), character-
ized by DELE1 haploinsufficiency, may have impaired mitochondrial ISR signaling and
reduced responsiveness to ISR activators relying on the DELE1-HRI axis [30]. Ultimately,
effective therapeutic exploitation of the ISR-ATF4 axis will require biomarkers capable
of distinguishing adaptive ATF4 dependency from inducible apoptotic vulnerability. The
main biological and therapeutic contexts in which ISR-ATF4 signaling has been implicated
in AML are summarized in Table 1.
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Table 1. Functional contexts of ISR-ATF4 signaling in AML.

Context ISR/ATF4 Input Main Output Biological Consequence Therapeutic Implication Key References
Low elF2 availability and high Stress tolerance and preservation of Maintenance of normal HSC I;(t):sgst—l;il;u?ecg 22?11 n;i:rl;fn(:gznili?:se
HSC/LSC hierarchy ATF4/ISR activity in primitive S prese integrity and enrichment of . P P sred [4,7,14]
primitive cell function ! ; caution because normal HSCs also use
compartments stem-like leukemic states . .
ISR signaling
Oncogenic FLT3-ITD signaling Serine biosynthesis. neutral amino acid Metabolic dependency and PHGDH inhibition, autophagy targeting,
FLT3-ITD AML converges on mTORC1-ATF4 Y ¢ enhanced anabolic/stress-adaptive or metabolic combinations with [24,26]
transport, and autophagy -
programs capacity chemotherapy
IGF2BP3/METTL14-mediated Support of AML stemness Targeting RNA-modification or
m6A /RNA-processing stabilization of ATF4 and serine Sustained ATF4 protein expression and rol{)il?eration and me tabolié splicing-dependent metabolic [19,20]
programs biosynthesis transcripts; preliminary amino acid biosynthetic programs p L. dependencies; BCLAF1 data remain ¢
S : resilience .
BCLAF1-ATF4 splicing axis preliminary
Fertoptosiscontrol  and edowcprotective programe; | CYStne mport lutathione synthesis,  Protetion from feroptoticinury 2l ASH SRR (27-2]
: . and lipid peroxide buffering and oxidative stress /
ALKBH3-mediated ATF4 upregulation compartments
Ceramide/SPHK1 or acid Ceramide accumulation activates NOXA induction and MCL-1 Restoration of apoptotic sensitivity ISR hyperactivation as a strategy to [10,31,32]

ceramidase inhibition

PKR-elF2—-ATF4 signaling

neutralization/degradation

in venetoclax-resistant AML

enhance BCL-2 inhibition

Daunorubicin exposure

ATF4-bound stress-responsive ABCB1
enhancer activated by
chemotherapy-induced stress

ABCBI1 upregulation and enhancer
priming

Dynamic chemoresistance and
drug efflux

ISRIB/eIF2B modulation or
enhancer-directed strategies to limit [11]
adaptive resistance

Monosomy 5/del(5q) AML

DELE1 haploinsufficiency impairs
OMAI1-DELE1-HRI-ATF4
mitochondrial stress signaling

Reduced ATF4 activation after
mitochondrial stress

Resistance to mitochondrial
stress-induced apoptosis

Potential biomarker for poor
responsiveness to ISR activators relying [30]
on the DELE1-HRI axis

Mitochondrial stress
pharmacology

Imipridones, atovaquone, and usnic
acid induce mitochondrial or
HRI-linked ISR activation

ATF4/CHOP/NOXA induction,
oxidative phosphorylation suppression,
and MCL-1 modulation

Apoptotic priming and reversal of
selected resistance states

Candidate combination strategies with
venetoclax or chemotherapy; clinical
validation remains limited

[33-37]

Summary of major biological and therapeutic contexts in which ISR-ATF4 signaling has been implicated in AML. The table emphasizes that ATF4-dependent
outputs differ according to upstream stress input, leukemic cell state, and apoptotic threshold.
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5. Future Directions and Open Questions

Although increasing evidence supports a relevant role for ISR signaling in AML
biology and treatment response, several key questions remain unresolved (Table 1). A
central challenge is that ISR output is unlikely to depend simply on whether the pathway
is activated or inactive. Rather, its biological consequences are likely determined by
the magnitude, duration, kinetics, and cellular context of activation. This distinction is
particularly important in AML, where transient ISR engagement may support adaptation,
whereas sustained or amplified signaling may promote apoptotic priming [4,10]. Future
studies should also define which upstream elF2o kinase drives ATF4 induction in each AML
context since GCN2-, HRI-, PKR-, and PERK-driven ISR outputs may differ in kinetics,
transcriptional consequences, and therapeutic exploitability. This issue is not merely
taxonomic: amino acid deprivation, mitochondrial stress, ceramide accumulation, ER
stress, and inflammatory or proteotoxic signals may all converge on ATF4 while producing
distinct downstream programs [4,10,11,30,31,37].

A second major issue concerns biomarker development. ATF4 is a biologically in-
formative readout of ISR activity, but its value as an in vivo biomarker in AML remains
insufficiently defined. Longitudinal assessment of ATF4 expression at diagnosis, during
treatment, and at relapse could clarify whether dynamic changes in ISR output correlate
with stem-like features, treatment sensitivity, or emerging resistance. Future studies should
move from single-marker ATF4 assessment toward integrated ISR signatures combin-
ing ATF4 expression, canonical target genes, upstream kinase activation, and functional
apoptotic readouts. The mechanisms that terminate or buffer ISR activation also deserve
greater attention. Growth arrest and DNA damage-inducible protein 34 (GADD34) and
constitutive repressor of el[F2«x phosphorylation (CReP)-containing phosphatase complexes
regulate el[F2x dephosphorylation, whereas ISRIB functionally counteracts elF2x phos-
phorylation by activating eIF2B. These regulatory nodes may determine whether AML
cells resolve stress and survive or fail to restore translational homeostasis and undergo
apoptosis. Therefore, therapeutic modulation of the ISR should be understood not only
as pathway activation or inhibition but also as manipulation of signal duration, recovery
kinetics, and translational reset [7,12,14]. Safety and preservation of normal hematopoiesis
represent another critical translational issue. Because ISR activity contributes to the main-
tenance of normal primitive hematopoietic compartments, therapeutic modulation of the
ISR-ATF4 axis will require careful assessment of hematopoietic toxicity. A key question
is whether leukemic cells and normal HSCs differ sufficiently in ISR amplitude, kinetics,
upstream kinase dependency, or apoptotic threshold to provide a clinically useful ther-
apeutic window [4,7]. These considerations also raise important therapeutic questions.
In hypomethylating agent-venetoclax regimens, it remains unclear whether sequential
drug exposure, cumulative stress signaling, or treatment timing influences ISR-dependent
apoptotic priming. More broadly, pharmacologic manipulation of ISR signaling deserves
further investigation both as a strategy to enhance pro-apoptotic output and as a means
of suppressing adaptive stress programs associated with resistance [10,11,14]. At present,
however, these strategies remain hypothesis-generating and require validation in biologi-
cally relevant in vivo models and patient-derived systems. Taken together, the next phase
of research should move beyond descriptive evidence of ISR activation and define when,
where, and to what extent this pathway becomes functionally relevant in AML. Such an
approach may clarify whether ISR signaling can serve not only as a mechanistic explana-
tion for leukemic persistence but also as a framework for biomarker-driven therapeutic
intervention. Ultimately, the translational promise of ISR biology in AML will depend on
the ability to distinguish adaptive ATF4 dependency from inducible apoptotic vulnerability.
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Converting stress adaptation into treatment vulnerability may represent one of the most
promising therapeutic implications of this pathway.
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Abbreviations

The following abbreviations are used in this manuscript:

AML acute myeloid leukemia

LSCs leukemic stem cells

ISR integrated stress response

elF2u o subunit of eukaryotic initiation factor
ATF4 activating transcription factor 4

CHOP C/EBP homologous protein

PUMA p53 upregulated modulator of apoptosis
MCL-1 myeloid cell leukemia-1

ABCB1 ATP-binding cassette subfamily B member 1
PERK protein kinase R-like endoplasmic reticulum kinase
PKR protein kinase R

HRI heme-regulated inhibitor kinase

GCN2 general control nonderepressible 2
elF2B eukaryotic initiation factor 2B

UPR unfolded protein response

IRElx inositol-requiring enzyme 1 alpha

XBP1 X-box binding protein 1

ATF6 activating transcription factor 6

ER endoplasmic reticulum

HSCs hematopoietic stem cells

BCL-2 B-cell lymphoma-2

p-elF2c phosphorylation of elF2«

bZIP basic leucine zipper

uORFs upstream open reading frames

C/EBP CCAAT/enhancer-binding protein
HSC/MPP hematopoietic stem cell /multipotent progenitor
CXCR4 C-X-C motif chemokine receptor 4
OCT4 octamer-binding transcription factor 4
SOX2 SRY-box transcription factor 2

SSEAR stage-specific embryonic antigen 3

FLT3 FMS-like tyrosine kinase 3

NANOG Nanog homeobox

FLT3-ITD FLT3 internal tandem duplication

TKI tyrosine kinase inhibitor

moA N6-methyladenosine
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IGF2BP3 insulin-like growth factor 2 mRNA-binding protein 3
METTL14 methyltransferase-like 14

BCLAF1 BCL2-associated transcription factor 1

mTORC1 mechanistic target of rapamycin complex 1
DEPTOR DEP domain-containing mTOR-interacting protein
MSI2 Musashi RNA-binding protein 2

KIF11 kinesin family member 11SSP

ROS reactive oxygen species

SSP serine biosynthesis pathway

PHGDH phosphoglycerate dehydrogenase

PSAT1 phosphoserine aminotransferase 1

PSPH phosphoserine phosphatase

SLC7A11 solute carrier family 7 member 11

GPX4 glutathione peroxidase 4

HDAC3 histone deacetylase 3

PPAR peroxisome proliferator-activated receptor
ALKBH3 AlkB homolog 3

mlA N1-methyladenosine

FTH1 ferritin heavy chain 1

ACSL4 acyl-CoA synthetase long-chain family member 4
PTGS2 prostaglandin-endoperoxide synthase 2

TFR1 transferrin receptor 1

BCL2A1 BCL2-related protein Al

OMA1 OMAL1 zinc metallopeptidase

DELE1 DAP3-binding cell death enhancer 1

SPHK1 sphingosine kinase 1

BH3 BCL-2 homology 3

MEK mitogen-activated protein kinase

ERK extracellular signal-regulated kinase

ISRIB integrated stress response inhibitor
NUP98:DDX10  nucleoporin 98-DEAD-box helicase 10 fusion
NOL10 nucleolar protein 10

CEBPA CCAAT/enhancer-binding protein alphaAP-1
GSPT1 G1 to S phase transition 1

GCN1 general control nonderepressible 1

GADD34 growth arrest and DNA damage-inducible protein 34
CReP constitutive repressor of el[F2x phosphorylation
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